REMARKS 

Claims 59-88 are pending and have been rejected. Claims 59, 67, and 77 have been 
amended. Reconsideration and allowance of Claims 59-88 in view of the above amendments 
and following remarks is respectfully requested. 

Amendment of the Independent Claims 

The pending independent claims, Claims 59, 67, and 77, have been amended by deleting 
the phrase "the plurality of cups having a pitch less than a millimeter." The amendments to 
Claims 59, 67, and 77 restore the claims to their originally presented form. Entry of the 
amendment is respectfully requested. 

The Rejection of Claims 59-66 and 77-88 Under 35 U.S.C. § 103(a) 

Claims 59-66 and 77-88 stand rejected under 35 U.S.C. § 103(a) as being unpatentable 
over U.S. Patent No. 4,608,493, issued to Hayafuji in view of U.S. Patent No. 4,724,324 issued 
to Liebert. Withdrawal of the rejection is respectfully requested for the following reasons. 

Independent Claim 59 recites an array that includes a plurality of Faraday cups and "a 
partially insulated conductive housing in which the plurality of cups is supported, the conductive 
housing being electrically connected to a reference potential." Claims 60-66 depend from 
Claim 59. Independent Claim 77 recites an array of Faraday cups and "a partially insulated 
conductive housing in which the plurality of cups is supported, the conductive housing being 
electrically connected to a reference potential." Claims 78-88 depend from Claim 77. The 
claimed array includes a plurality of Faraday cups in which each cup is electrically and 
capacitively decoupled from all others, a feature that the cited references fail to teach or suggest. 

The Hayafuji reference describes a Faraday cup supported in a cavity etched into a 
semiconductor-type wafer substrate. The reference teaches that the substrate is an insulative 
substrate. At Col. 4, line 55, the insulative substrate is described as a "substrate 1 1 of electrically 
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isolating material." At Col. 7, line 57-58, the insulative substrate is further described as "a wafer 
of silicon single crystals." Attached for the Examiner's consideration is Exhibit A, a copy of a 
portion of "Microelectronic Circuit Design," Richard C. Jager, WCB/McGraw-Hill, 1997, 
pages 25-30, relating to solid-state electronic materials. At page 30, section 2.5, equation (2.9), 
the text states that the resistivity of single crystal silicon is 3.38E5 Ohm*cm. Materials with 
resistivities greater than 1E5 Ohm*cm are insulators. See page 25, section 2.1, paragraph 1 of 
Exhibit A. The Liebert reference is silent with regard to a supporting substrate. 

Thus, in contrast to the claimed invention in which the array includes Faraday cups that 
are electrically and capacitively decoupled from each other by use of "a partially insulated 
conductive housing in which the plurality of cups is supported, the conductive housing being 
electrically connected to a reference potential," the cited references fail to teach or suggest such a 
feature. 

Because the cited references, either alone or in combination, fail to teach, suggest, 
provide any motivation to make, or otherwise render obvious the invention as claimed, the 
claimed invention is nonobvious and patentable over the cited references. Withdrawal of this 
ground for rejection is respectfully requested. 

The Rejection of Claims 67-76 Under 35 U.S.C. S 103(a) 

Claims 67-76 stand rejected under 35 U.S.C. § 103(a) as being unpatentable over the 
Hayafuji reference in view of U.S. Patent No. 4,992,742, issued to Okuda. Withdrawal of the 
rejection is respectfully requested for the following reasons. 

Independent Claim 67 recites an array of Faraday cups and "a partially insulated 
conductive housing in which the plurality of cups is supported, the conductive housing being 
electrically connected to a reference potential." Claims 68-76 depend from Claim 67. The 
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claimed array includes a plurality of Faraday cups in which each cup is electrically and 
capacitively decoupled from all others, a feature that the cited references fail to teach or suggest. 

Like the Hayafuji reference, the Okuda reference describes a Faraday cup array in which 
the cups are supported in an insulating substrate. At Col. 1, lines 62-65, the reference states that 
"insulating plate 4 defines the positional arrangement of the plurality of collector electrodes 3." 
At Col. 6, line 60 (Claim 3), the insulative substrate is further described as "an electrically 
insulating member on which said particle trapping member and said recoil particle trapping 
member are mounted." 

The Okuda reference teaches an array of Faraday cups supported in an insulating 
substrate. Likewise, the Hayafuji reference teaches a Faraday cup supported in an insulating 
substrate. The cited references fail to teach or suggest the claimed invention: an array of 
Faraday cups in which each cup is electrically and capacitively decoupled from all others by use 
of a "partially conductive housing in which the plurality of cups is supported, the conductive 
housing being electrically connected to a reference potential." 

Because the cited references, either alone or in combination, fail to teach, suggest, 
provide any motivation to make, or otherwise render obvious the claimed invention, the claimed 
invention is nonobvious and patentable over the cited references. Withdrawal of this ground for 
rejection is respectfully requested. 
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Conclusion 

In view of the above amendments and foregoing remarks, applicants believe that 
Claims 59-88 are in condition for allowance. If any issues remain that may be expeditiously 
addressed in a telephone interview, the Examiner is encouraged to telephone applicants' attorney 
at 206-695-1755. 

Respectfully submitted, 

CHRISTENSEN O'CONNOR 
JOHNSON KINDNESS PLLC 



George E. Renzoni, Ph.D. 
Registration No. 37,919 
Direct Dial No. 206.695.1755 



I hereby certify that this correspondence/is 
envelope as first class mail with postage thereon fully prepaid and 
Patents, ?.Q. Box 1450, Alexandria, VA 22313^1450, on the below. 

Date: 



GER:fjs 



vith the U.S. Postal Service in a sealed 
issed to Mail St4v AF, Comr/issioner for 
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The evolution of solid-stale materials and the subsequent development of the technology 
for integrated circuit fabrication have revolutionised electronics. Using silicon as well 3$ 
other crystalline semiconductor rooterisils. we can now taferieare integrated citctiii^ (ICs) 
that have hundreds of mil lions of electronic components on a single 2 cm X 2 cm die. 
Ktet of us have some familiarity with the very high-speed nucmproeessor and memory 
components that form the building blocks for personal computers and workstations. As this 
edition is being written, technology for the I -gigabit (Gb) memory chip is being developed 
in a number of research litlx>rntories around the world. The memory array alone on this chip 
will contain more than 10? transistors and 10* capacitof$"-~more than 2 billion electronic 
components on a single die! 

Our ability to build such phenomenal electronic system components is based on a 
detailed understanding of solid-state physics as well as on development of fabrication pro- 
cesses necessary to turn the theory Into a manufac titrable reality, Integrated circuit man- 
ufacturing .is an excellent example of a piocess requiring a bmad understanding of many 
disciplines* 1C fabrication requires knowledge of physics, chemistry, decides! engineer* 
ing f mechanical engineering, materials engineering, md mtt£\lktt$y\ to mention just a few 
disciplines. The breadth of understanding required is a challenge, but it makes the field of 
solid-state electronics an extremely exciting and vibrant area of specialization* 

The material in this chapter provides the background necessary for understanding 
the behavior of the solid-state devices presented in subsequent chapters. We begin our 
study of solid-state electronics by exploring the characteristics of -crystalline materials, 
with m emphasis on silicon, die most commercially important semiconductor, We look at 
electrical conductivity and resistivity and discuss the mechanisms of eleeuonic conduction; 
The b&hmque of impurity doping is dt$cat$$ed, along with its use in controlling conductivity 
and resistivity type* 



Electrical Classification 
of Solid Materials 



Materials 



Resistivity 
(A* cm) 



b&uf ators 10 5 < p 
Semi* 

conductors It}"* < p 
< 10* 

Conductors p< 10* 3 



2.1 SOLID-STATE ELECTRONIC MATERIALS 

Electronic materials generally can be divided into three categories: insulators, conduc- 
tors, and semiconductors. The primary parameter used to distinguish among these ma* 
tenaJs Is the resistivity p, with units of ft * cm. As indicated in Table 2*1, insularors 
have resistivities greater than 10 s 0 • cm« whereas conductors have resistivities below 
iO" 3 H * cm. Far example, diamond, Osie of the highest quality insulators, has a very !ar|e 
resistivity. 10 i$ Q cm. On the other haml. pure copper* a good conductor, has a resistivity 
of only 3 x I0 w6 A * em. Semiconductors occupy the full range of resistivities between the 
insulator and conductor boundaries; moreover, the resistivity can be controlled by adding 
various impurity atoms to die semiconductor crystal. 

Elemental semiconductors arc formed from a single type of atom {column fV of 
the periodic table of element*; see Table 2,2), whereas compound semiconductors can 
be funned from combinations of elements from columns HI and V or columns It and VI 
These later materials are often referred to as lil-V (3-5) or fl-VI (2-6) compound semi- 
conductors* l^ble 23 presents some of the most useful possibilities. There arc also ternary 
materials such as mercury cadmium teUuride, gallium aluminum arsenide, gallium indium 
arsenide, and gallium indium phosphide. 

Historically, germanium was one of the first scnikanduciors to be used: However, it 
was rapidly supplanted hy silicon, which today is Ute most important semiconductor ma- 
terial, Silicon has a wider bandgnp energy, 1 allowing Uta be used in higher-temperature 
applications than germanium, and oxidation forms a stable insulating oxide on silicon. 



1 The meaning of btmdgap energy is discussed in detail in Sees. 23 and 
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dura- 2 Spup-Siw fegcTucnatt 



Portion of the Periodic Table, litcludlng tte iklost 
Important Semicomtostor Elements (stalled) 
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Semiconductor ft 


Materials 




Sandgap 






Semi&ontJuctor 
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5.47 


SMmn 
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Ocrmarihrm 
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Hn 


QM2 


OaHnim arsenide 


L42 




135 


Boixm^ nitride 


7,50 


Silteoa carbide 


3,60 


Cadmium sel*tii& 


1.70 



giving silk*m siguificam processing advantages o*** pntiimum durlag frikve&xm <rf 
Ik addition to silicon, gallium arsenide and indium plt^Mc are commonly encouatcted 
tod ay although germanium is still sised in some limited applk^tms. The compound semi- 
conductor materials allium arsenide (GaAs) and i&dmm ptesfftirfe -(lap) are te ^im- 
portant material for optoleetronk- appUcMiCM, iiKludipg Unremitting dicdes CLEPsX 
tasci&, and photo detectors. 

Many research iaboraturies are now cxplonitg the formntbti of diamond, bonm in* 
iri*, mm carbide, and silicon gentianiorn maitrials. Diamond and hmm nitride aie 
excellent insulators * room tempcratwe, b^t they, as wctt as silicon ertide, am bo used 
^ semtoMduccofS st much higher temperatures {600*0* Adding a mull pcm*ns*ge «W 
percent) cf germanium lo silicon has been shown recently m offer improved device, pettor- 
mance in a prnc^ss compatible with normal Sillcrjn priming. 

EM&asE: What are the chemical symbols for antimony, arsenic, ahsminoni. bfitfoti* 
oaiuum. gerxriamum. indSam, fftosphoro, and siiia&ft? 
AJSSwm: Sb, As, Al, B, Oa, Ge» In, P, Si 



2,2 DRIFT CURRENTS IM SEMICONDUCTORS 

B&etrieai rc&btivity p md \B r^ciprDc^, conteiivity diaracterfe current How In a 
matecitl wb» ^« electric ftdd is applied. Charged particle move or drift m cesponse to 
t ^ Oteekctrk SeMI. and cbe rauliinft ciwemis ctdled Jr0» «rm Thedrilt comntdoudty 

jffitf J h defined as 

e^p^K i ^ gv (acm^tcm/s) » A/cm 2 <2.^> 
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where Q ~ charge density 

v velocity of chaise in ckctrk field 

In order 10 find the charge density, we explore the stricture of silicon using both thecovaleat 
bond model and (later) the energy band model for semiconductor We relate the velocity 
of the charge carriers tu Uib applied electric field in Sec. 2A 



Atoms can bond together in amorphous, |)olycrystallinc,or single-erysta! forms, Amor- 
phous materials have a totally disordered structure, whereas polycry$taUine material 
consists of a laige number of small crystallites* Most of the highly useful properties of 
semiconductors, however, occur in high-purity, single-crystal material $itt<x>n-HColumn 
IV in the periodic table— has four electrons in the outer shell. Single-crystal material is 
formed by the covalcnt boiling of each silicon atom with its four nearest neighbors in a 
highly regular dtfee^imsnsional array of atoms, a& shown in Fig. 2X Much of die be- 
havior wc discuss can be visualized using the simplified two-diinemional covalcnt bond 
model of FUj 2X 

At temperatures approaching absolute zero, all the electrons reside in die covalcnt 
bonds shared between the atoms In the array, with uo electrons free for conduction The 
outer shells of the silicon atoms arc full, and the materia* behaves as m insulator. As the 
temperature increases, thermal energy is added to me crystal and some bonds break, freeing 
a small number ol electrons for «mduetkm> as in Rg, 2,3. The density of these ftee elec- 
trons is equal to the intrinsic carrier density m (cm~ 3 X which i$ determined by material 
properties and temperature: I 



2,3 COVALENT BOND MODEL 




where ft? 



k 
T 
B 



semiconductor bandgap energy in eV {electron volts) 
BelttmamTs constant, 8.62 x ID™ 5 e'V/K 
absolute temperature, K 

material-dependent >parat]£fgr* \M x I0 yi KT* * cm" 6 for Si 




(22) 





Figure 2*1 Silicon crystal lattice structure, (a) Diamond laities unit cell Ths cube side teagth 1 » 0.543 nm, Cb> Enlarged top 
comer of the diamond Uaicc, stowing die four nearest neigbbois bonding within the stwcmiis. (e> "View zlmg a crysudlo^aphk 
axis . m and {b> adapted from Etetinms mid Holes m Smfcwttaems by William Shockley, & 1950 by Uttan Educational 
Publishing, (c) adapted fiom The Atdtfamre ofMoUatk* by Linus Pauling and Roger Hayward. copyright ® l%4 by W. H« 
Fitcmaa and Companv. used with perrai^ioti; and $emicondut:or Ofykes: Phpics and Technology by $. M. Sxe. copyright « 
1935 by Bell Telephone Labcratortea. by permission of John Wiley & Sons. Unc] 
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Figure 2.2 1\vo-diitton$i<maJ siJieen lattice wiUi 
shared covalent bonds, As temperatures appioadi* 
mg 0 K, all bonds are fitted, and the e<uter Shells of 
the sit&oa aioms are itompteidy full. 




Figure 2,3 An electron-hole pair is generated 
whenever a cogent bc&d is broken. 



ttandgap energy £<? is rhc minimum energy needed (a break a eov&lem bond in the 
semiconductor crystal, thus freeing electrons for conduction.. Table 2.3 lists values of the 
bandgap energy for vaticus semiconductors. 

The density of conduction (or fme) electrons is represented by the symbol n 
(eicctmns&rn^X and far Intrinsic material n «■ The term imrinste refers to the generic 
properties of pure material, Al though) tti is on intrinsic property of each setnkunduetar, it is 
extremely teniperature^dependem for all materials. Figure 2,4 has examples of the strong 
variation of intrinsic carrier density with temperature for germanium, silicon* and gallium 
arsenide. 



Example 2,1: As an example. let us calculate the value of in silicon at room tem- 
perature (300 K): 

n] - 1.08 X 10»(K-* • cm-«X300 W ^ U1 ^l% m ^ ) 

/?? * 4.52 x lO^/cia* or « ( «■ d?3 X lO^cm 3 

For simplicity, in subsequent calculations we use w ~ 10 tfr /cin* us the room tem- 
perature value of for silicon, ^> 



Hie density of silicon atoms in the crystal lattice h approximately 5 X iO B /cm 3 , We sec 
from Example 2.1 that only one bond in approximately 10 B is broken at room temperature. 

A second charge carrier Is actual ly formed when the t&valem bond in Fig. 23 is bro- 
ken. As an elecum which has charge ~*q equal to - L602 X 1 0* 10 €, moves away from 
Use covakm bund, it leaves behind a vacancy in the bond structure in the vicinity of its 
parent $iHcon atom. The vacancy is [eft with an effective charge of An elecuon fium 
an adjacent bond can fill this vacancy, creating a new vacancy in another position. This 
process allows the vacancy to move (luouglt the crystal. The moving vacancy behave? just 
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os a ^ftkk will* charge imdia called a hok-IIole density is represented by the $yinfaol 

As described above, two charged panicles are created for each bond that is hroiccn: 
one cfccTO and one hale For i&trtoic silicon, 

» cc p (2*3) 

ami. the product of the election and hole co woalrations is 

Ttfe JM product is given by Eq. (24) whenever a semleomHietDr is in tlwrma) equilib- 
rium. (This very important result is used latei,) In thermal eqiiaihrium* material properties 
are dependent only on the lemperaturc T< with m other farm of stimulus sppUcd* Equa- 
lion (2.4) does im apply to scani^uetorc 
such m an applied voltage or currcm or an optical excitation, 

ExEtt€iS£: Calculate the mumslc carrier density in silicon at SO K and 125 K. On the 
wmg** what is the length of one slide of the of silkon thai fe needed to find one 
electiostwione bote at T 50 K? 
ktmmttM x iO~*tcm*;4XH x IO ! W; 113 x to 10 m 



(2.4) 



2.4 MOBILITY 

A* discussed earlier; charged particles move in response to an applied ekcsiic field. This 
movement is termed drift, and the icsallmg ctmcnt flow is known m drift current, Positive 



30 O&mft 2 $Q\m-$urz Ei removes 



4* 



charges drift in the same diction &a the electric field, whereas negative charges drift in a 
direction opposed co the electric field. Carrier drift velocity v (em/s) h proportional to the 
electric field E (V/cm); the constant of proportionality k called the mobility /i: 



v„ - and 



C2.3) 



where v 



p 



velocity of electrons (cm/s) 
velocity of holes (cm/s) 

electron mobility* 1350 cru^/V * s in intrinsic $1 
hole mobility, 500 cm 2 /V * s in intrinsic Si 



Conceptually, holes arc locolized to move through the covaknt bond structuie, bui 
electrons arc free to move abou* the crystal. Thus, one ixughs expect hole mobility to be less 
than electron mobility* as appears in the definitions in Eq. (2.5). Note that the relationship in 
Eq> (2.5) breaks down at high fields in ail semiconductors because the velocity of carriers 
reaches a limit called the saturated drift velocity v m * In silicon. v m is approximately 
10 1 cm/s for electric fields exceeding 3 x 10 s VYcm 



&xeitct$£: Calculate the velocity of a bole in an electric field of 10 V/cm. What is the 
electron velocity in an electric field of ifiOO Went? The voltage across a resistor is I \\ 
and the length of the resistor is 2 u.ro. What is the electric fit Id in the resistor? 

A^vsas; 100 x 10* cm/s; 1.35 x 10* cm/s; 5M x 10* V/cm. 



Mr 



2.5 RESISTIVITY OF INTRINSIC SILICON 

We are now m a position to calculate the electron and hole drift current densities jf m and 
For simplicity, we assume a onc-dimensionat current and avoid the vector notation of 
Eq.(2J}: 

in which g s (-#«)and(^ =» (^^)repn^cmthechajiedetisife(C/cm J ) of electrons 
and holes, respectively* The tdt&i drift current density is then given by 

This equation dc&ncs o% the electrical conductivity: 

<r « <K«f*»» * PM*>> • cm}** 1 (IS) 

For intrinsic silicon, the charge density of electrons b given by Q* - whereas 
the charge density for holes is Q p » 4^n„ The values of the mobilities in intrinsic silicon 
were pven in Bq, (2.5), and 

<r - <l>60 X !0~ I0 ,a )( I3S0) + < 10 ,0 X500>] (C)(cm~ VmVv - s) 
- 2.96 x lO^cri-cro)-' 

The resistivity p is equal to the reciprocal of the conductivity, so for intrinsic silicon 

(* *> - » 138 x 1 0*0 cm (19) 

From Table 2. 1 , wc $cc that intrinsic silicon can he characterized as an insulator, albeit near 
the low end of the insulator resistivity range. 



